This paper reports the design and integration of a self-contained system intended for real-time monitoring of electricity usage within residential and commercial buildings. Consisting of an Energy Harvester (EH), an electric current sensor, a Micro-controller Unit (MCU), and a wireless communication device, the proposed system is self-powered and non-invasive, which provides a promising solution as a node in a wireless sensor network. In this work, a customized interface circuitry is designed to collect and regulate the energy from the EH. A Wireless MCU is programmed to acquire, process, and transmit the data from the sensor to the central hub via Bluetooth Low Energy connectivity. The real-time data obtained can be used to measure the amount of power consumed by individual appliances within the building. In this paper, the system design and testing results are reported. Attached to an electric wire carrying currents in the range of 7.6A to 30A, the state-of-the-art system can achieve a read-transmit duty cycle from <1min to 2.5min. The unit is capable of reading a 60 HZ AC sensor signal with a peak voltage in the range of 100 mV to 900 mV with an accuracy of 91.4%.
Introduction
Growing interests in improving the energy consumption efficiency in residential and commercial buildings has led to emerging research efforts in the development of automated and intelligent power management systems. Development of such infrastructure requires deployment of advanced metering, control, and communication devices that could transform the outdated electric distribution network within a building to a smart and intelligent system capable of providing real time information that can be used to enhance the power distribution efficiency within the building. Motivated by this vision, new technologies such as Wireless Sensor Networks (WSNs) have received an increased attention due to their promising approach in forming an intelligent system capable of gathering, processing, and transmitting the sensory information from their surrounding environment. However, development of WSNs is hindered by some of their inherent limitations. Each node is restricted by its power consumption, data storage capacity, data processing speed and its wireless communication bandwidth [1] . Enabled by our piezoelectric (PZT) Energy Harvester (EH) and dynamic power management design, the proposed system tackles some of these critical constraints in order to develop and design a self-contained non-invasive WSN. The dynamic design proposed here provides a unique advantage that enables the WSN to adjust its operating duty cycle according to the performance of the EH. With its increased flexibility and robustness, the proposed system can be easily integrated with other available EHs and sensor devices.
System Description and Challenges
The schematic of the system that is described in Figure 1 includes the following modules: Piezoelectric EH, Power Conditioning Circuit, Wireless Micro-controller (MCU) and the Sensor. These components are integrated within the system according to their specifications so that each part can operate with its maximum effectiveness. Furthermore, interfaces with the EH and the sensor are designed in such a way to increase the flexibility of the system so that other EH/sensor devices can easily be integrated with the system.
Piezoelectric Energy Harvester
As shown in figure 1, the Energy Harvester will be placed on the wire cord that connects a given appliance to the electric receptacle. The electric wire carries an AC current that generates an electromagnetic field around it. The intensity of this electromagnetic field depends on the current drawn by the appliance. Through the conversion of this ambient electromagnetic energy into mechanical vibrational energy and subsequently to electrical energy, the required power for the operation of the WSN can be non-invasively harvested from the wire. One of the most popular configurations for electromagnetic energy harvesting is the cantilever beam structure [2] . The EH used in this work has the structure of a simple piezoelectric bimorph cantilever beam [3] . The EH is mounted at a distance of 6mm above the wire that carries a current in the range of 7.6A to 30A and can non-invasively harvest the ambient electromagnetic energy from the wire. The Frequency Response Function (FRF) of the EH provided in figure 2 validates the matching natural frequency of EH and that of the North American 60 Hz power line frequency. The average power output from an EH is dependent on parameters such as its size and geometry, the input stimulus and frequency, and its environment of operation [4] . Most EHs can provide an output power in the order of 10 -. Therefore, the entire WSN should be able to operate under a very restrictive power budget in the range of microwatts. Considering this restriction, a power conditioning circuitry is necessary to regulate and store the unsteady output of the EH.
Power Conditioning Circuits
The AC voltage obtained from the EH needs to be rectified and regulated before it can be used to power the rest of the system. Interface circuitries ranging from simple bridge rectifiers to active converter circuits with intelligent control systems have been reported in the literature [5] . Available power conditioning technologies differ in their complexity, efficiency and power consumption. The performance of the electromagnetic EH can alter as a result of changes in the operational conditions such as changes in the intensity of current passing through the conducting wire (figure 3). These changes lead to variations in the amount of energy produced by the EH over time. It is therefore difficult to predict the power output of the EH once the WSN is mounted in place. In order to address this issue, a dynamic power management scheme has been designed and implemented in this work where the system's operation is adjusted and regulated according to the performance of the EH. 
Wireless MCU
While choosing the right MCU is mainly dictated by the computational requirements of the WSN, other factors such as the MCU's power characteristics, size, cost and reliability also play an important role in making such decisions. Through a thorough investigation of the requirements of the WSN for our intended application, the CC2640R2F Wireless MCU was selected. The CC2640R2F Wireless MCU contains a 32-bit ARM ® Cortex ® -M3 core that runs at 48 MHz and includes a 2.4-GHz RF Transceiver that is compatible with Bluetooth low energy (BLE) specifications [6] . The CC2640R2F supports a number of power modes that enable users to manage the limited energy harvested by the EH effectively making it an excellent candidate for energy-harvesting applications.
Design Methodology
As previously discussed, the output voltage of the EH is vulnerable to the changes in the current flow and thus unstable as a direct power source to the sensor node. Therefore, a highly efficient interface circuitry is required between the EH and the rest of the system. Meanwhile, the MCU should be able to control the WSN most effectively in order to exploit its full potential. These objectives have been achieved through development of an interface circuitry with dynamic power management capabilities and also, by the development and implementation of some embedded software capable of undertaking necessary processes to control and manage the WSN's operation. Figure 4 shows the system architecture of a single sensor node. In this design, the voltage detector actively monitors the voltage across the storage unit. Once this voltage reaches 3V, the circuit actives the Wireless MCU. Subsequently, the MCU follows its instructions to perform the ADC measurement and to transmit the acquired data to the central hub. The detailed circuit schematics of the power conditioning circuit is shown in figure 5 . During the charging process, the power gate transistor disconnects wireless MCU from the ground node to suppress any current leakage. This allows the storage capacitor to continue charging whilst the CC2640RF device remains disabled. As the voltage across the storage unit approaches 3V, the output provided by the voltage divider triggers the cold start circuit with a multistage amplifier that abruptly activates the CC2640RF. Figure 6 shows the process flow chart of the instructions given to the Wireless MCU. The ADC is set to obtain a finite number of samples from the sensor output that are evenly spaced out to cover one complete period of the 60Hz signal from the sensor device. Upon completion of the sampling process, data packets are created and transmitted to the receiver hub. The ADC and RF modules are disabled at this point and the device goes to a complete shutdown mode for maximum power conservation.
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Figure 6-MCU Process Flow Chart
Implementation and Testing
To validate the performance of the self-powered WSN, the unit was placed on a wire connecting an adjustable heater to the electric receptacle. The AC current drawn by the heater can have four different levels depending on the heater's operating mode. The intensity of the current passing through wire was measured separately using an AC clamp-on meter (Fluke i400s AC Current Clamp). Furthermore, the output signals from the sensor was monitored using a Tektronix TDS 2114C oscilloscope. The transmitted data packets were received using a CC2650 Wireless MCU LaunchPad™ Kit which was connected to a Desktop computer using its on-board emulator and USB serial port. Stress tests were also performed to verify that the system can automatically recover from abnormal conditions including power outages, disruptions or changes in the current passing through the electric wire, or loss of connection with the central hub. Figure 7 shows the sensor's output signal as well as the data that was transmitted from the WSN upon competition of a single read and transmit process. The graph only shows the positive portion of a single cycle and the phases are aligned for better representation of the results. The sensor's signal has a peak value of 0.8 V as measured by the oscilloscope. Seven evenly spaced points were read from a positive half cycle of this signal. The point with the highest value indicates a voltage of 0.750 V. The nominal error associated with peak measurement is -6.25% which validates the measurement as this error is lower than the calculated absolute maximum error of -8.56% due to discrete sampling. The duty cycle and operating frequency of the WSN is directly regulated by triggers generated by the Voltage Detector circuit. The circuit continuously monitors the charging behavior of the storage unit (330μF capacitor) and adjusts the duty cycle of the system according to the performance of the EH. As the intensity of the current passing through the conducting wire increases, the EH can produce more electric charge, which reduces the charging time of the storage capacitor. As a result, the time between successive read and transmit processes will be reduced as well. As shown in figure 8, the storage capacitor needs to reach 3V in order for the Wireless MCU to initiate its operation. Once the initial charging of the 330μF capacitor is completed, the power source only needs to compensate for the voltage drop caused by the operation of the WSN. Table 1 provides data regarding the duty cycle of a WSN placed on the wire connecting the heater to an electric outlet. The heater's operation mode leads to four distinct currents passing through the wire. As the intensity of this current increases, the duty cycle of WSN's operation decreases. However, for currents above 20A, this duty cycle will be limited by the RC time constant of the Voltage Detector. Therefore, duty cycle will not reduce substantially as the current increases beyond 20A. The measurement confirms that the proposed system can achieve duty cycle from <1min to 2.5min for a current of 7.6A to 30A, easily satisfying the target application of real-time electricity usage monitoring in residential and commercial buildings. 
Results and Discussion
Summary
The development of a self-contained WSN for real-time electricity monitoring applications is presented here. Powered solely from a non-invasive PZT EH, the unit can wirelessly transmit the data obtained from the sensor module via Low Energy BLE connectivity. With a dynamic power management scheme, the system can achieve a duty cycle of <1min to 2.5min depending on the intensity of current passing through the wire being monitored. This state-of-the-art non-invasive and self-contained system can easily satisfy the need of real-time electricity usage monitoring in residential and commercial buildings.
